Understanding the bioavailability and phytotoxicity of carbendazim (MBc) bound residues (BR) in soils incubated with different Superabsorbent polymer (SAP) amendment on succeeding crops is essential to assess their environmental fate and risks. in our research, we studied the morphological characteristics and 14 c-accumulation of chinese cabbage and released BR in three typical cultivated soils. the plant dry weight was in order of superabsorbent-hydrogels formulations (HMBc) > MBc > MBC and SAP (MBC-SAP) at 35 d in basic soil 3 (S3), with 675.40 ± 29.07 mg/plant.d.w, 575.93 ± 25.35 mg/plant.d.w and 427.86 ± 18.79 mg/plant.d.w. The whole plant accumulated 2-fold more BR when grew in neutral soil 2 (S2) treated with SAP than MBC at 7 d. The root accumulated a greater proportion of 14 c-MBc residue than shoot, with order of MBC-SAP > MBc > HMBC at 21d. The results indicate MBC-BR could be released and accumulated in plant. HMBc promoted the chinese cabbage growth with lowest 14 c accumulation, while MBC-SAP inhibited plant growth with the highest 14 c uptake. the released BR rate was 61.43 ± 3.75% of initial BR in MBC-SAP, with 2-fold higher than MBC and HMBC. It is assumed HMBc could be a potential environmentally friendly measure for rational use of pesticides in future.
Results
The effects of BR on cabbage growth. The growth parameters of cabbage, including plant height, dry weight of shoot, root, flower, and total plant were determined to evaluate the soil BR effects on plant growth (Table 1) . Cabbage gradually grew with the incubation time in all treatments. Significant difference was observed in the growth of cabbage between three tested soils, indicating cabbage growth may be closely related with soil property and microbes. Cabbage didn't have a favorable growth in S 1 and grew till 21 d. The dry weight of total plant was all below 5.00 mg for each plant, and the height of whole plant was around 1.50 cm in all treatments, which was significantly lower than those in S 2 and S 3 (p < 0.05). Meanwhile, there was no significant difference between HMBC, MBC-SAP, MBC treatment and blank control in S 1 (p > 0.05).
On the contrary, cabbage underwent an appreciate growth in S 2 and S 3 and blossomed at 35 d. There was a time-dependent biomass increase trend during the whole incubation. Compared with blank control, the growth of cabbage was promoted in all treatments spiked with MBC-BR in S 2 . Moreover, the dry weights (shoot, root, flower and total) of plant in both HMBC and MBC-SAP treatments were higher than those in MBC treatment (p < 0.05). Till 35 d, the total dry weight of cabbage was 930.10 ± 22.89, 704.43 ± 16.17 mg/plant in HMBC and MBC-SAP treatments, separately. Meanwhile, the dry weight of the edible leafy portion (shoot part) of cabbage was significantly higher in HMBC treatment than those in MBC-SAP and MBC control (p < 0.05), with 571.97 ± 21.40 mg/plant contrast to 398.27 ± 17.59 mg/plant and 365.23 ± 11.31 mg/plant, respectively. We also found the similar result in S 3 . The biomass of cabbage in HMBC treatment was significantly higher than those in the MBC-SAP and MBC treatments, with the highest height for 25.14 ± 0.35 cm, dry weight of shoot for 443.43 ± 23.50 mg/plant and the total dry weight for 675.40 ± 29.07 mg/plant at day 35. However, for the MBC-SAP treatment in S 3 , the biomass of cabbage was lower than the MBC control but statistically equal to those of the blank control without MBC-BR, with the lowest height for 18.32 ± 0.59 cm, dry weight of root for 110.73 ± 7.07 mg/plant and the total dry weight for 427.86 ± 18.79 mg/plant at day 35. the distribution of 14 c radioactivity in cabbage in soil amended with BR of MBc. During the cabbage growth in BR spiked soil, the 14 C radioactivity in vegetable tissues were detected, which means cabbage could absorb the 14 C-compound from soil spiked with released BR. Analysis of 14 C radioactivity in cabbage showed the bioaccumulation of 14 C content in shoot, root and the whole plant were mostly higher in the initial incubation than those in the final phase planting ( Fig. 1 ). Figure 1a shows the 14 C distribution in cabbage in S 1 . Obviously, a majority of 14 C content was accumulated in root, and less 14 C existed in shoot, suggesting the root was the main enrichment site of soil released BR. Compared with MBC control (36.50 ± 8.14 μg/g), the 14 C content of whole plant was significantly lower in MBC-SAP and HMBC treatments at 7 d, with the corresponding values 19.02 ± 3.46 μg/g and 18.07 ± 0.55 μg/g on the dry biomass basis, separately. For the shoot, 14 C level in HMBC treatment was significantly lower than those in the MBC-SAP and MBC treatment (p < 0.05). While, for the 14 C accumulation in root, there was no difference between the HMBC treatment and MBC control (p > 0.05), those much higher than that in MBC-SAP treatment. However, when the cabbage planted until 21 d, no significant difference was observed between three different treatments for the 14 C distribution in plant.
However, cabbage could grow vigorously and blossomed in 35 d in S 2 . We detected the 14 C accumulation in the flowers part (Fig. 1b) . The 14 C content of flowers was 2.14 ± 0.33 μg/g, 2.10 ± 0.23 μg/g and 1.53 ± 0.23 μg/g in MBC, MBC-SAP and HMBC treatments, respectively. There was a decrease of 14 C-bioaccumulation in whole plant, shoot and root of cabbage with the extension of incubation. When cabbage was cultured for 35 days, the 14 C-distribution in whole plant was decreased from the initials 4.61 ± 0.53 ug/g to 1.04 ± 0.08 ug/g for MBC treatment, 4.49 ± 1.23 μg/g to 1.30 ± 0.07 μg/g for MBC-SAP treatment, 1.05 ± 0.46 to 0.58 ± 0.03 μg/g for HMBC treatment, separately. Obviously, the 14 C accumulation in whole plant was the lowest in HMBC treatment. However, in MBC-SAP treatment, the cabbage could absorb much more released BR from soil in whole tissue during the incubation, with 16.41 ± 4.33 μg/g, and 4.19 ± 0.19 μg/g at 7d and 21d, separately, compared with MBC control (7.35 ± 0.58 μg/g and 2.90 ± 0.12 μg/g). For the root accumulation, there was no significant difference between the HMBC and MBC treatments during the 21 days incubation (p > 0.05). While the 14 C content in MBC-SAP treatments decreased firstly then increased at 21 d. At 100d, the 14 C accumulation in root was followed in order of MBC > MBC-SAP > HMBC treatment.
Similarly, we found the same trend of 14 C bioaccumulation in cabbage in S 3 . An increase in 14 C content in whole plant was consistent with the decrease in plant height and dry weight. At 7 d, the 14 C content of whole plant in HMBC treatment was higher than in the MBC-SAP and MBC treatments corresponding to the lower biomass of total plant (Table 1 & Fig. 1c ). This suggested the plant growth inhibition was due to the accumulation of the released chemicals from BR of MBC in soils. When cabbage cultured at 21 d and 35 d, the whole plant 14 C in MBC-SAP was higher than those in MBC and HMBC treatments. For instance, when cultured at 35d, the 14 C level in whole plant was 2.19 ± 0.11 μg/g in MBC-SAP treatment, significantly higher than the MBC (0.92 ± 0.07 μg/g) and HMBC treatment (0.75 ± 0.02 μg/g), respectively (p < 0.05). HMBC treatment has the lowest 14 C accumulation in the whole plant among all the treatments. We also have the similar change trend for 14 C bioaccumulation in shoot, with an order in HMBC < MBC < MBC-SAP treatment. For the root, the 14 C activity reached a maximum at 21 d in the MBC-SAP treatment (21.21 ± 2.70 μg/g), which was significantly higher than the MBC (14.59 ± 1.14 μg/g) and HMBC treatments (15.70 ± 1.15 μg/g) (p < 0.05).
Determination of released BR in different SAP amendment treatments.
After the cabbage cultivation and the subsequent extraction of soil, the decreased radioactivity in whole soil was the fraction of the released BR. The fraction of BR release after cabbage planting was 51.87 ± 0.28%, 47.91 ± 3.34%, and 51.57 ± 1.07% of the initial applied activity in S 1 , respectively for MBC, MBC-SAP and HMBC treatment at 7 d ( Fig. 2a ). There was no significant change of the released BR during the incubation in each BR-amended treatment (p > 0.05). In additional, the soils amended with MBC-BR after cabbage culture was extracted, and the extractable part was combined and nominated as extractable residue (ER). ER decreased with incubation time, and there was significant difference between these three treatments (p < 0.05), with following the order of HMBC > MBC > MBC-SAP ( Fig. 3a ) in S 1 . Compared to MBC control, more ER was detected in HMBC treatment, corresponding to the lower 14 C bioaccumulation in plant mostly concentrated on the root. The lowest amount of ER was found in MBC-SAP treatment. Furthermore, there were still high amount of BR in soil after extraction and cabbage culture at the end of incubation, with 51.32 ± 3.29%, 60.03 ± 6.69% and 53.12 ± 2.04% respectively, for MBC, MBC-SAP and HMBC treatment ( Fig. 3a ). There was no significant difference between three treatments (p > 0.05). www.nature.com/scientificreports www.nature.com/scientificreports/ In S 2 , a little ER was extracted from soil after cabbage planting during the incubation, with approximately 0.13~3.17% of the initial BR amount (Fig. 3b ). This suggested mostly released BR was taken up by plant or turned into BR or released as CO 2 into atmosphere. During incubation, the lowest amount of BR was found after extraction in the MBC-SAP treatment (38.57 ± 3.75%) when compared with MBC and HMBC treatment (61.76 ± 5.26% and 53.44 ± 3.46%, respectively). But much larger amount of the released BR was calculated in MBC-SAP treatment, with the relative enhancement of 37.74% and 24.21%, compared to the MBC treatment and HMBC treatment, respectively at 100 d (Fig. 2b) . Similarly, we detected the same result in S 3 in terms of released BR rate. The released rate of BR was 51.66 ± 2.70%, 60.70 ± 1.40%, and 51.57 ± 1.29%, respectively in MBC, MBC-SAP and HMBC treatment at 35 d (Fig. 2c ). Larger amount of released BR in MBC-SAP treatment www.nature.com/scientificreports www.nature.com/scientificreports/ may result in the higher amount of 14 C per dry biomass of cabbage, and the inhibition of cabbage growth, corresponding to our above results. However, there was no significant difference between MBC and HMBC treatment in terms of released BR rate (p > 0.05). In additional, at the end of incubation, the amount of soil BR after extraction and cabbage growing was 48.34 ± 2.70%, 39.30 ± 1.39% and 48.43 ± 1.29% in MBC, MBC-SAP and HMBC treatment, respectively. Obviously, the lowest amount of BR existed in MBC-SAP treatment. www.nature.com/scientificreports www.nature.com/scientificreports/
Discussion
Superabsorbent hydrogel (SAP) usually are used as soil conditioners and chemical formulations in agriculture to maintain soil moisture and enhance the pesticide efficiency 17 . However, some research showed when pesticides coexisted with SAP, the environmental fate and transformation of pesticides could be changed, especially for bound residue 12, 13, 18 . The bound residue could be released during further agricultural practices and may influence the succeeding crop and soil management 2, 19 .
In this study, we studied the plant availability and phytotoxicity of MBC-BR in three typical cultivated soils amended with SAP and SHs-formulations. Different SAP amendments could affect the cabbage growth differently, including plant height, dry weight of shoot, root, flower, and total plant. For acidic clayey soil S 1 , cabbage grew till 21 d, with lowest plant height and dry weight of whole plant compared with others soils, with no significant difference between MBC, MBC-SAP and HMBC treatment during the incubation (p > 0.05). This is might be due to S 1 with barren microbes and low pH value and electrical conductivity, which is not favorable for the planting crops, and cabbage could not grow healthily. While for neutral loamy soil S 2 and basic saline soil S 3 with rich microbes, organic matter and high electrical conductivity, cabbage underwent the favorable growth, and there was the highest plant height and dry weight of whole plant in HMBC treatment when compared with MBC treatment. MBC-BR in SHs-encapsulated treatment and SAP amendment treatment could enhance the growth of cabbage in S 2 , especially for SHs-encapsulated treatment. SAP, as soil conditioner, could retain water and keep soil moisture, and hold the water for the plant growing during incubation. In addition, SAP could be a favorable nutrition sources for soil microorganism. It might enhance the activity and biodiversity of microbes to some extent 20, 21 . But for MBC-SAP treatment, the growth of cabbage was inhibited during the incubation, especially for S 3 . However, different forms of SAP amendments could affect cabbage growth in BR amended soil differently. The different bio-effect on cabbage in soil might also related with the different BR release rates. Han et al. demonstrated the plant height and dry weight decreased as BR amendment increased, and the herbicide ZJ0273 and its metabolites from released BR imposed serious phytotoxic effects on rice plant 3 .
The dry weights of cabbage shoot and whole plant in HMBC treatment were increased substantially compared with MBC-SAP and MBC alone treatment in all soils. Based on previous results, SHs-encapsulated formulation could significantly increase the dissipation and mineralization of MBC, and reduce the BR substantially 13 . With the environment friendly transformation fate of HMBC and favorable biomass for cabbage, SHs-encapsulated formulation might be a good way to spike the pesticide into the environment and cut down the potential hazards to agro-ecosysterm.
Meanwhile, the 14 C-distribution in cabbage was detected in three treatments, there was an increase of the 14 C-bioaccumulation in cabbage whole plant, shoot and root with the incubation in all treatments. The 14 C bioaccumulation of cabbage is closely related with the biomass of cabbage and the amount of released BR during the incubation. 14 C content in whole plant and shoot part of cabbage were the lowest in HMBC treatment compared with MBC and MBC-SAP treatments, suggesting HMBC could reduce the released BR accumulation in cabbage, especially for the edible shoot. However, cabbage could absorb much more released BR from soil in whole tissue and edible part of cabbage during the incubation in MBC-SAP treatment. According to the European Food Safety Authority, the maximum residue level (MRLs) of MBC in sugar beets and vegetable is <5 mg/kg in vegetable. For cabbage cultured at initial stage in neutral soil S 2 and basic soil S 3 , the 14 C-bioaccumulation in plant and edible part has been exceeded the standard value, and are higher in MBC-SAP than MBC and HMBC treatment. The acceptable daily intake (ADI) index is 0.02 mg/kg bw/d (body weight per day). So for an adult with 100 kg, the maximum ingestion of MBC per day is 2 mg. Thus it is important for us, and we should give priority attention to the food safety especially for crop grown in the soil spiked with SAP. It seems HMBC may be the potential way to spike pesticides into environment without the high pesticide residue bioaccumulation in cabbage and with safe fate in ecological environment 12, 13 .
Based on BR release results, we detected higher released BR in MBC-SAP treatment. This plant growth inhibition might be due to the accumulation of the released chemicals from MBC-BR in soils. Different SAP amended treatments could trigger the remarkable different effects on soil BR release after sowing the succeeding crops. Based on our previous results of the fate of carbendazim amended with SAP and SHs-formulation, there was still higher amount of initial carbendazim BR in MBC-SAP treatment compared with MBC control and HMBC 12, 13 . It seems that when we spike the carbendazim and SAP amendment into soil, there will be much more BR in soil and this residue is more readily released when we planted cabbage in the BR-amended soil. Compared with HMBC treatment, the MBC-SAP treatment did not have safer environmental effect in soil and crops. Gevao et al. indicated BR can be released by physicochemicals mechanism or through biochemical process 22 . Agriculture practices and the introduction of certain chemicals that may change soil texture and property could result in BR releasing. SAP could change the soil texture and keep moisture, and also alter the soil microorganism abundance and biodiversity 23 . Physical entrapment of SAP, MBC, and metabolites in soil organic and inorganic matrices stimulated by microorganisms could lead to the formation of organoclay complexes and soil aggregates, with the soil BR increasing during the incubation. Meanwhile, SAP also could interact with the surface active of MBC and its metabolites due to some polar groups of -OH, -COOH, and -NH 2 22 . These physical and chemical changes could alter the BR substance and may be released upon planting crops. Gao et al. suggested the plant root exudates usually play an important role in the environmental processing of organic pollutants, which could release the BR in soils 4 .
After the cabbage incubation, the soil bound residue differed in different SAP amendments and soils, following the order of MBC-SAP < HMBC = MBC treatment at the end of incubation in the neutral soil S 2 and basic soil S 3 . Though BR was low in soil in MBC-SAP treatment, we should pay more attention on the further BR release in terms of succeeding crops and soil management. Above all, compared to the MBC treatment, cabbage could accumulate the released BR from soil more easily in MBC-SAP treatment, and less in HMBC treatment.
www.nature.com/scientificreports www.nature.com/scientificreports/ This behavior might be closely related with the amount of BR which was released from the soil during the plant culture.
conclusion Our findings show that high attention should be given to the environmental risk assessment of pesticides BR when pesticides spiked with SAP amendments. When SAP is amended into the soil environment to keep soil moisture and enhance pesticides efficiency, in comparison, the SHs-formulation seems safer than SAP amendment for the utility of pesticides in the environment. SHs-encapsulated formulations may be a promising efficient and environmentally friendly method to reduce pesticide residue and keep the natural ecosystem and human health. In addition, the toxicity effects and long-term stability of other pesticides-SHs encapsulated formulations also need to be carried out to achieve the safely exploitation in further research.
Materials and Methods
chemicals and reagents. 14 Hangzhou (fluvio-marine yellow loamy soil), Cixi (coastal saline soil), and Longyou (red clay soil), Zhejiang Province, China, which are abbreviated separately herein as S 1 , S 2 , and S 3 . All soils were air-dried, sieved through a 2 mm mesh and stored at room temperature before use. The main physico-chemical properties of soils were determined using standard methods and summarized in Table 2 .
SAP, starch-graft-polyacrylamide (St-g-PAM) superabsorbent cross-linked by N,N-methyl bisacrylamide were synthsized via 10 MeV simultaneous electron beam irradiation at room temperature and subsequent alkaline hydrolysis. The swelling ratio of SAP (deionized water) was approximately 1000 g g −1 . SAP was dried at room temperature in a vacuum drying apparatus 24 .
The H-14 C-MBC was prepared using dry starch-g-polyacrylamide and starch-g-(acrylic acid-co-methyl methacrylate) N,N'-methyl bis-acrylamide, following the polymerization reaction at 85 °C for 30 min under N 2 atmosphere to form the gelatinized starch. A predetermined quantity of carbendazim dissolved in acrylic acid was mixed with a small part of starch paste in a temperature-controlled water bath and stirred (300 rpm), and heated to 70 °C, was added by 0.05 g of AIBA(2'2-azobis[2-methylpropionamidine]dihydrochloride]). This reaction was proceeding for 5 h under a N 2 atmosphere with reflux condensation to form the mixture A. Another part of starch was taken to synthesize the hydrogels (mixture B). The two mixtures were blended, and heated up to 70 °C until to obtain the rubbery product. Finally, the H-14 C-MBC was dried, and sieved for incubation experiment 25 . incubation experiment and preparation of the bound residue. After 10 days pre-incubation, three 300 g aliquots of each soil was amended with SAP (0.5‰ (w/w)), and then were mixed with MBC at 4 mg kg −1 . Subsequently, soil moisture content was regulated to 60% of water-holding capacity (WHC). Similarly, the SAP-free treatment with Carbendazim and SAP-encapsulated formulations underwent the same procedure. The incubation test was performed under aerobic conditions according to OECD (2002) guideline 307 26 . The fully mixed soils were transferred to 500-mL brown jars connected by a flow-through apparatus to the trapping solutions. All treatments were incubated at 25 ± 1 °C and ventilated periodically, and all absorption solutions were exchanged regularly with fresh solutions. At intervals of 0, 3, 6, 13, 20, 30, 45, 60, 80 , and 100 d, three replicates of each treatment (10 g, dry weight equivalent) were collected.
Soil samples (10.0 g, dry weight) per treatment were extracted sequentially according to Helweg and Wang et al. with slight modification 27, 28 . Briefly, soil samples were extracted three times with 30 mL of methanol/0.1 M hydrochloric acid solution (4:1, v/v), blended thoroughly, and shaken at 120 rpm for 2 h. After centrifugation at 6000 × g for 5 min, the deposits were similarly re-extracted by methanol, and ethyl acetate, consecutively, until no more 14 C-radioactivity was detected in the extracts. The recovery extraction of 14 C activity was approximately 95.52-101.65% when freshly spiked soils were analyzed. A 1-mL aliquot of every treatment supernatant was measured with addition of 10-mL cocktail A to measure the 14 C-activity on LSC. The 14 C-radioactivity of total extracted solvents was calculated as the extractable residue (ER). All remaining solutions were passed through a 0.22-μm filter and reduced in bulk to near dryness by a Vacuum Rotary Evaporator (Eyela SB-1000, Eyela, Tokyo, Japan) at 45 °C. The residue was re-dissolved in 10-mL methanol and condensed to 1-mL under a stream of nitrogen at ambient temperature for high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) analysis. All the post-extracted soils were air-dried. A homogenized soil sample of 1.0 g was combusted on the biological oxidizer and the released 14 C-CO 2 was trapped in 15 mL of cocktail B for analysis on LSC. The combustion recovery was 95.70 ± 1.42% (n = 3). The amount of 14 C-radioactivity in the post-extracted soils was defined as the initial bound residue (BR).
Bioavailability experiment. Flowering Chinese cabbage was used for the bioavailability assay. The initial BR soil was mixed with fresh soils at the initial contents of 14 C-BR of carbendazim (Table 3) .
The uniformly mixed soil (50 g, dry weight equivalent) were placed in each 100-mL plastic pot for cultivation. The moisture of soil was adjusted to 60% of the soil WHC. Each germinated seeds were sown in each pot. Blank soils without 14 C-BR soil were also planted with seeds as above. All treatments were incubated also under the same green conditions (25/20 °C, day/night; humidity, 80%; light, 16 h/8 h), with daily irrigation. The cabbage seedling for each treatment was harvested at 7, 21 and 35 days of exposure. The shoots and roots of seedling were separated. The roots were washed with tap water, and the height of plant was measured. All the plant parts were kept in paper envelope and dried at 60 °C to a constant weight. Aliquots of five dried plants were combusted on the biological oxidizer, and the released 14 CO 2 was absorbed in 15 mL liquid scintillation cocktail B. The radioactivity was measured by Quantulus 1220 ultra-low liquid scintillation spectrometer (ULLSS; Quantulus 1220, Perkinelmer, Turku, Finland) to estimate the amount of BR that was accumulated by the plant. The recovery efficiency of the above combustion procedure was 93.32 ± 1.41%. Table 3 . The initial contents of 14 C-BR of carbendazim in sowing soil.
Measurement of the released bound residue. After the cultivation of Cabbage, the soils were extracted by the same method. Aliquots of the final extract at each extraction step were transferred into 20-mL scintillation vials, and the 14 C radioactivity was measured by LSC after addition of 10-mL scintillation cocktail A. Then all extracts were mixed together and condensed to near dryness on a vacuumed rotary evaporator (Eyela SB-1000, Eyela Co. Shanghai, China) at 40 °C. The residue was dissolved in 1.0 mL methanol, and the 14 C-radioactivity of total extracted solvents was calculated as the extractable residue (ER). All the post-extracted soils were air-dried. 1.0 g homogenized soil sample was combusted on biological oxidizer and the released 14 C-CO 2 was trapped in 15 mL of cocktail B for analysis on LSC. The combustion recovery was 95.70 ± 1.42% (n = 3). The amount of 14 C-radioactivity in the post-extracted soils was defined as bound residue (BR). The released rate of bound residue was calculated as initial BR minus the BR after the plant seeding, then divided by the initial BR. 
